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EXPEKI"TS ON INDUCTIVE AND CAPACITIVE RADIOFREQUENCY 

HEATING OF A HYDROGEN PLASMA IN A MAGNETIC FIELD* 

by Clyde C.  S w e t t  

Lewis Research Center 

SUMMARY 

Experimental r e s u l t s  f o r  heating a plasma by a radiofrequency ( r f )  c o i l  
having an ungrounded e l e c t r o s t a t i c  sh ie ld  a re  analyzed by using an e l e c t r i c -  
c i r c u i t  model based mainly on the  geometric character of the apparatus.  This 
model ind ica tes  t h a t  the  presence of a plasma adds a "lossy" capaci tor  i n  
p a r a l l e l  with the  rf c o i l .  Consequently, power goes i n t o  the  plasma both in-  
duct ively ( E e )  and e l e c t r o s t a t i c a l l y  (%!Ez). It i s  believed that the  e l ec t ro -  
s t a t i c  mode of power t r ans fe r  i s  responsible for some anomalies noted i n  plasma 
experiments. The amount of power i n  each mode was calculated and shown t o  vary 
with magnetic f i e l d .  The inductive power t ransfer  increased a t  magnetic-field 
values near t h e  atomic and molecular ion cyclotron fields,  whereas the e l ec t ro -  
s t a t i c  power decreased or increased depending on which parameter - power or 
c o i l  voltage - w a s  held constant .  
90 percent of t he  input power and occurred near the  atomic and molecular ion  
cyclotron resonance f ie lds .  
nant points  appeared t o  be related t o  t h e  induction mode only. 
c i e s  of t h i s  simple model a r e  noted, and the importance of accurate  measure- 
ments i n  t h i s  type of ana lys i s  i s  indicated.  

Maximum t o t a l  power t r ans fe r  was as high as 

The electron-density decrease noted near the  reso-  
Some def ic ien-  

INTRODUCTION 

One of t he  problems t h a t  e x i s t s  i n  the  plasma physics f i e l d  i s  that of ob- 

For example, i n  t he  f i e l d  of radiofrequency (rf 
ta in ing ,  i n  the  laboratory,  experimental conditions that approximate those as- 
sumed i n  t h e o r e t i c a l  analyses .  
coi l -generated plasma waves, discrepancies between calculated and experimental 
r e s u l t s  have been noted i n  wavelengths, i n  the amplitudes of wave compoments, 
i n  t he  absence of t h e o r e t i c a l  resonances, and i n  the  s h i f t s  i n  resonant fre- 
quency toward low magnetic f ie lds  ra ther  than toward high magnetic f i e l d s .  
These discrepancies a r e  undoubtedly due t o  def ic iencies  i n  the experimental 
setup.  

* An abbreviated version of t h i s  report  w a s  presented a t  the  American 
Physical Society, Division of Plasma Physics Meeting, San Diego, Cal i fornia ,  
November 6-9, 1963. 
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A s  pa r t  of an  rf plasma heating program a t  t h e  Lewis Research Center, 

s tud ie s  are being made of one experimental f a c t o r  t h a t  may be p a r t l y  responsi-  , 
b l e  f o r  the anomalies. This f a c t o r  i s  t h e  r f  c o i l  i t s e l f .  Such a c o i l  not 
only generates azimuthal e l e c t r i c  f i e l d s  but  a l s o  r a d i a l  and axial f i e l d s .  
Under c e r t a i n  conditions, a x i a l  e l e c t r i c a l  f i e l d s  may even e x i s t  i n  portions of 
t h e  plasma not d i r e c t l y  under the  c o i l .  Hence, t h e  c o i l  i s  not a simple source 
f o r  t r ans fe r r ing  power t o  a plasma. A study of how t h e  power i s  t r ans fe r r ed  
from t h e  c o i l  t o  t h e  plasma by t h e  various e l e c t r i c  f i e l d s  should ind ica t e  
whether or not t h e  c o i l  could account f o r  t h e  anomalies noted. To a c e r t a i n  
ex ten t  these f i e l d s  can be cont ro l led  or a l t e r e d  by sh ie lds  near t h e  Coil. 

The simplest c o i l  configuration t h a t  can be v i sua l i zed  i s  t h a t  i n  which a 
grounded e l e c t r o s t a t i c  s h i e l d  i s  i n s t a l l e d  between t h e  c o i l  and plasma. 
such a configuration, only one e l e c t r i c  f i e l d  i s  generated - an  azimuthal 
e l e c t r i c  f i e l d .  Experimental r e s u l t s  t h a t  u t i l i z e  t h i s  configuration a r e  r e -  
ported i n  reference 1. I n  other r e l a t e d  s tud ie s ,  t he  s h i e l d  w a s  not used 
( r e f s .  2 t o  6 ) .  

For 

Another poss ib le  configuration i s  t h a t  i n  which t h e  e l e c t r o s t a t i c  s h i e l d  
i s  present bu t  ungrounded. This more complicated arrangement should r e s u l t  i n  
azimuthal and r a d i a l  e l e c t r i c  f i e l d s  d i r e c t l y  underneath t h e  s h i e l d  but should 
eliminate t h e  a x i a l  f i e l d  d i r e c t l y  underneath t h e  c o i l .  
however, be present i n  t h e  plasma between t h e  ends of t h e  s h i e l d  and grounded 
por t ions  of t he  system. The a x i a l  and r a d i a l  f i e l d s  r e s u l t  from an rf voltage 
ex i s t ing  on the  sh i e ld  due t o  capac i t ive  coupling between t h e  c o i l  and t h e  
s h i e l d  . 

Axial f i e l d s  may, 

The present experimental program w a s  undertaken t o  determine how much t h e  
power transfer could be improved by using t h e  ungrounded e l e c t r o s t a t i c - s h i e l d  
configuration, s ince  it w a s  believed t h a t  t h e  r e s u l t i n g  f i e l d s  would be s t rong  
and would enhance power t r a n s f e r .  Also, it w a s  des i red  t o  determine i f  t h e  
t o t a l  power could be a n a l y t i c a l l y  separated i n t o  two d i f f e r e n t  heating modes - 
t h e  induction heating mode normally assoc ia ted  with c o i l s ,  and t h e  capac i t ive  
or  e l e c t r o s t a t i c  heating mode t h a t  r e s u l t s  from capac i t ive  coupling between 
c o i l  and shield.  The most promising method f o r  accomplishing t h i s  appeared t o  
be by determination of an equivalent e l e c t r i c - c i r c u i t  model of t h e  co i l - sh i e ld  
combination t h a t  could be used with experimental d a t a  t o  ca l cu la t e  t he  power 
d i s t r ibu t ion .  

SYMBOLS 

coe f f i c i en t s  of terms i n  eq. (2) an 

bn coe f f i c i en t s  of terms i n  eq. (3) 

C capacitance between c o i l  and sh ie ld ,  F 

capacitance of equivalent network, F 

E peak c o i l  voltage, V 

2 
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e l e c t r i c  f i e l d  i n  r -d i r ec t ion  

peak a-c voltage on sh ie ld  

e l e c t r i c  f i e l d  i n  z-direct ion 

e l e c t r i c  f i e l d  i n  0-direction 

generator frequency, mc 

frequency, k mc 

network current,  amp 

complex operator  

c o i l  inductance, 3 . 4 6 ~ 1 0 - ~  H 

inductance of equivalent c i r cu i t ,  H 

path length through plasma, cm 

e l ec t ron  density,  e lectrons/cc 

power from rf source, W 

power d i s s ipa t ed  i n  capaci t ive branch of c i r c u i t ,  W 

power d i s s ipa t ed  i n  inductive branch of c i r c u i t ,  PR + Pp, W 

power d i s s ipa t ed  i n  c o i l  res is tance,  W 

power d i s s ipa t ed  by induction heat ing i n  plasma, W 

t o t a l  power i n  microwave interferometer, mW 

power i n  reference a r m  of microwave interferometer,  mW 

power i n  plasma a r m  of microwave interferometer,  mW 

a-c c o i l  res is tance,  ohms 

r e s i s t ance  of capaci t ive branch, ohms 

r e s i s t ance  of inductive branch, R + Rp, ohms 

r e s i s t ance  i n  inductive branch caused by plasma, ohms 

re s i s t ance  of equivalent c i r cu i t ,  ohms 

phase angle, deg 

phase angle change, deg 

angular  frequency, 2nf, 2 ~ 6 .  5x106 rad/sec 
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Figure 1. - Configuration of i o n  cyclotron resonance apparatus 2 llCRA 2). 

BASIC EXPERIMENTAL CONFIGURATION 

The ac tua l  apparatus for which an e l e c t r i c - c i r c u i t  model i s  t o  be devel- 
oped i s  shown i n  f igure  1. A bas ic  representa t ion  of t h i s  apparatus is shown 
i n  f igu re  2(a) ,  i n  which only the  l e f t  ha l f  i s  shown; t h e  r i g h t  ha l f  i s  iden- 
t i c a l  except for el iminat ion of t he  plasma source. A g l a s s  tube i s  loca ted  i n  
a steady a x i a l  magnetic f i e l d  and has a plasma column along the  axis. An rf 
c o i l  i s  wrapped around t h e  tube.  Ins ide  of t h e  g l a s s  tube i s  an  e l e c t r o s t a t i c  
sh i e ld  s p l i t  longi tudina l ly  so t h a t  an azimuthal e l e c t r i c  f i e l d  can be gener- 
a t ed  inside of the  shield.  

4 
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I n  f igu re  2(b) t h e  r f  c o i l  has been represented as an inductance L i n  
s e r i e s  with t h e  a-c r e s i s t ance  R of t h e  c o i l .  These q u a n t i t i e s  L and R , 
would be measured a t  t h e  terminals of t he  c o i l  without plasma present;  t h a t  i s ,  
t h e  e f f e c t s  of d i s t r i b u t e d  capacitance a r e  alrea* included i n  them. 
plasma is  present t he re  i s  an add i t iona l  r e s i s t ance  R t h a t  represents  t h e  
addi t iona l  induction heating load  due t o  t h e  plasma, tffe g rea t e r  t he  load  the  
l a r g e r  the value of Rp. 
t i v e  coupling between c o i l  and sh ie ld .  For s impl ic i ty ,  t h i s  capacitance, a l -  
though it i s  a c t u a l l y  a d i s t r i b u t e d  quantity,  has been assumed t o  have an 
equivalent value C between t h e  high-voltage terminal of t h e  c o i l  and sh ie ld  
( f ig s .  2(a) and (b ) )  . Because t h e  coupling r e s u l t s  i n  a vo l tage  on the  sh ie ld ,  
t he re  i s  a radial e l e c t r i c  f i e l d  between t h e  s h i e l d  and t h e  plasma column and 
an a x i a l  e l e c t r i c  f i e l d  between the  s h i e l d  and ground s o  t h a t  cur ren t  can flow 
from t h e  c o i l  t o  t h e  s h i e l d  and t o  ground through t h e  plasma. 

When 

The s h i e l d  i s  loca ted  such t h a t  t he re  can be capaci- 

Between t h e  s h i e l d  and ground the re  i s  a complicated s e r i e s  and p a r a l l e l  
network o f  capacitances, inductances, and r e s i s t ances .  For example, t he re  i s  
capacitance between t h e  s h i e l d  and plasma column and between the  sh i e ld  and 
ex te rna l  s t ruc tu res ,  r e s i s t ance  i n  t h e  weak plasma l y i n g  between t h e  s h i e l d  and 
t h e  plasma column, r e s i s t ance  i n  t h e  plasma column between t h e  sh i e lds  and t h e  
ends of the tube, and inductances i n  t h e  plasma column and ground-return pa ths .  
The network, however, can be reduced t o  an equivalent p a r a l l e l  network cons is t -  
ing  of a capacitance C 1  i n  p a r a l l e l  with a r e s i s t ance  RC ( f i g .  Z(b) ) .  For 
t h e  present program the  capacitance C 1  
The c i r c u i t  model then i s  as shown i n  f igu re  2 (c ) ,  where R and Rp have been 
combined i n t o  The capac- 
i t i v e  branch cons is t s  of C and Rc, which can be considered as a "lossy" con- 
denser i n  p a r a l l e l  with t h e  c o i l .  E,, 
t h e  peak c o i l  voltage i s  E, t h e  root-mean-square cur ren t  through t h e  network 
i s  I, and t h e  power d i s s ipa t ed  i n  t h e  network i s  P. This four-element c i r -  
c u i t  can be r ead i ly  transformed t o  an equivalent two-element s e r i e s  c i r c u i t  
consisting of an inductance C and r e s i s t a n c e  R as shown i n  f i g u r e  2 (d ) .  

has been assumed t o  be negl ig ib le .  

RL, which is  t h e  r e s i s t ance  i n  t h e  inductive branch. 

The peak a-c voltage on t h e  s h i e l d  i s  

C I R C U I T  ANALYSIS 

The c i r c u i t s  t o  be analyzed a r e  those  shown i n  f igu res  Z(c) and (d) . The 
assumptions a re  t h a t  L i s  known and constant,  t h a t  C1 can be neglected, 
t h a t  (UYL)~ >> (RL)', and t h a t  (d)' >> ( R ) 2 .  
r equ i r ing  t h a t  t h r e e  simultaneous equations must be solved. 

The unknowns a r e  C, Rc, and RL, 

The f i r s t  equation r e l a t e s  t h e  power input  P t o  t h e  power d i s s ipa t ed  i n  
t h e  two r e s i s t i v e  elements RL and RC: 

S P = PL + Pc = - 
2% + 

6 



I 

With t h e  assumption t h a t  >> RE, 
1 

The number 2 enters  i n  converting peak voltages t o  root-mean-square voltages.  

The second equation r e l a t e s  voltage and current  t o  the  absolute imped- 
ance of t he  equivalent c i r c u i t  ( f i g .  2 ( d ) ) :  

With the  assumption t h a t  ( u C ) ~  

The t h i r d  equation r e l a t e s  t he  power input t o  the  current and res i s tance  
of t h e  equivalent c i r c u i t :  

p = 1% ( 3 )  

It can e a s i l y  be shown from equivalent-circui t  theory t h a t  

LD~C~R,R,(R, + RL) + cu4C2RcL2 + RL 
2 R =  

cu2C2(Rc + RL) + (1 - u?LC)~  

and 

w 3 2 2  RCC L - KCRE - w3L2C + wL 

C ~ ~ C Z ( R ~  + RL) + (1 - C U Z L C ) ~  2 & =  

The procedure used t o  solve the  equations i s  as  follows: F i r s t ,  equa- 
t i o n  (1) w a s  solved f o r  RL, and then RL w a s  subs t i t u t ed  i n  equa.tions (2) 
and ( 3 )  leaving two equations i n  the  two unknowns Rc and C.  Then the  r e -  
s u l t i n g  equations were solved simultaneously on an I B M  7090 computer fo r  Pq 
and C. With RC known, RL, PL, and Pc could be determined. Then t h e  power 
pR d i s s ipa t ed  i n  the  res i s tance  of  the  co i l  could be calculated from 
pR = (R/RL)PL* 

Equation (2)  , on subs t i t u t ion  of RL, reduces t o  the  form, 

+ a2C2RC + a3C2 + a4C2Rz + a5R$ + a6CR$ + a 7 C  2 4  RC + agCRC + agC = 0 
RC 

7 



where 

and 

Equation (3), 

4w6L4PEg 
a 2  = - 

,fZ I E ~  

3 a3 = 
7F IE3 

4c04L2P a4 = -p I E  

a5 = - E -0L 
-!fl I 

5 4  2 -4u, L PE_ 
a8 = D 

E4 

- 
"9 - 

on substitution of 

4 5 4  E,w L 

E" 

RL, reduces to the form 

a 7  .-. 
b C2R: + b2C2RL + b3C2 + b4C2R; + b5C2R: + bgRE + b7CR$ + b8RC = 0 1 

where 

2 4 2  2 6 4  
4 ~ 3 ~ 6 ~ 4  ZPE,W L pW4L2 + 4pEs0 

E4 
- + -  

12E2 I 2  
bl zx E412 
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4 6 4  PE-u, L 

2 4 2  4pZw4LZ 4P2c06L4 Esw - w L  4 2 

- E 4  E2 
b4 = 

1'3' 

and 

2 2 2  
bg = - Esw L 

E2 

These equations were used to compare the data taken in this investigation. 
The following parameters were constant: 

w = 2n6.5X106 rad/sec 

L = 3.46X10-6 H 

R = 0.55 ohm 

MPERlMEPJTAL APPARATUS 

A longitudinal cross section of the ion-cyclotron-resonance apparatus 
(ICRA 2 )  used for this program is shown in figure 1 (p. 4 ) .  
was introduced into the Philips-ionization-gage-type discharge and pumped out 
at the other end of the system by a 6-inch diffusion pump. The base pressure 
of the system was about torr. 
trolled by the amount of gas flow and was measured at the center of the appara- 
tus by a McLeod gage that has a liquid-nitrogen cold trap. 
diameter heat-resistant glass discharge tube had 3-inch inside-diameter arms in 
the center for the microwave horns, f o r  connections to the shield, and for 

Ultrapure hydrogen 

The operating pressure ( 2 . 0 ~ )  was con- 

The 4-inch inside- 

9 



connections t o  the  McLeod gage. Twelve water-cooled d-c c o i l s  connected i n  
s e r i e s  and supplied with up t o  4400 amperes from remotely cont ro l led  genera tors '  
produced a maximum f i e l d  of 10,000 gauss i n  t h e  region of t h e  r f  c o i l  and 

20,000 gauss i n  t h e  mirrors. The f i e l d  v a r i a t i o n  w a s  
form region as measured by a nuclear-magnetic-resonance gaussmeter. 

percent i n  t h e  uni- 4 

The rf c o i l  was a four-section c o i l  with four tu rns  per sec t ion .  It was  
fabr ica ted  by using 3/8-inch copper tubing coated with e i t h e r  polyethylene i n -  
s u l a t i o n  or a baked-epoxy tape.  The c o i l s  were connected as shown i n  r e f e r -  
ence 2 t o  give t h e  instantaneous magnetic-field d i r ec t ions  shown i n  f igu re  1 
(p. 4). The wavelength - distance between the  center of t he  f i r s t  c o i l  and 
t h e  center of t h e  t h i r d  c o i l  - was 1 6  inches, and the  ins ide  diameter of t he  

c o i l  w a s  5- inches. The inductance of t h e  c o i l  w a s  3.46X10'6 henry, and t h e  

a-c r e s i s t ance  of t h e  c o i l  w a s  0.55 ohm, as measured by an impedance bridge. 
The c o i l  was cooled with w a r m  water (115' F) t o  prevent water vapor i n  the  room 
from condensing and dripping down onto the  matching network terminals.  

3 
8 

The e l e c t r o s t a t i c  sh i e ld  under t h e  r f  c o i l  w a s  r o l l e d  from 1/16-inch shee t  
aluminum i n  two sec t ions ,  each sec t ion  having a longi tudina l  s l o t .  Each sec- 
t i o n  w a s  36 inches long and connected t o  a flar.ge i n  the  bottom a r m  of t h e  
g l a s s  tube by means of f l e x i b l e  copper s t r a p s .  It w a s  necessary t o  i n s t a l l  
t h i s  sh i e ld  in s ide  of t he  g l a s s  tube because of arcing problems between t h e  
s h i e l d  and c o i l  when it w a s  l oca t ed  outside of t h e  tube. 
t he  sh i e ld  w a s  measured by a vacuum-tube voltmeter. 

The a-c vol tage  on 

The output impedance of t h e  t r ansmi t t e r  w a s  matched t o  t h e  c o i l  i n  two 
s tages  - a 600- t o  50-ohm balun and then a 50-ohm L-pad matching network. A 
d i r ec t iona l  coupler w a s  used t o  measure both t h e  power output and any r e f l e c t e d  
power due t o  mismatch. I n  normal operation the  matching network w a s  c a r e f u l l y  
ad jus ted  so t h a t  the  r e f l e c t e d  power was always l e s s  than 10 w a t t s .  The r a t e d  
power output of t he  t r ansmi t t e r  i s  15 k i lowat t s  continuous operation and t h e  
frequency range i s  4 t o  28 megacycles. For t h i s  program a m a x i m u m  power of 
3100 watts w a s  used a t  a frequency of 6.5 megacycles. 

Electron dens i t i e s  were measured by means of an 8-millimeter microwave 
interferometer diagramed i n  f igu re  3. The amplitude of t he  s igna l s  i n  t h e  
reference arm and t h e  plasma a r m  were determined separa te ly ,  and then t h e  com- 
bined s igna l  was measured both with and without plasma. The phase d i f fe rence  
between the s igna l s  i n  the  reference a r m  and t h e  plasma a r m  w a s  then computed 
by using the r e l a t i o n  ( r e f .  7 ) :  

cos e =  

fo r  both plasma and no-plasma conditions.  The e l e c t r o n  dens i ty  w a s  ca lcu la ted  
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Figure 3. - Schematic diagram of microwave interferometer. 

from the  phase change 

ne = 2.07~10 9 ( T ) f m  ne 

Further  discussion of t h i s  type of system i s  given i n  reference 7. 

RESULTS AND DISCUSSION 

A t y p i c a l  s e t  of data obtained i n  the apparatus and t o  be used with the 
analysis  i s  shown i n  f igures  4 and 5 (p.  1 2 ) .  Generally, data  have been ob- 
ta ined  as a function of a x i a l  magnetic f i e l d  f o r  two d i f f e r e n t  modes of opera- 
t i o n :  (1) where t h e  power output P of the r f  source i s  held constant and 
( 2 )  where the  c o i l  voltage E i s  held constant. Besides the  parameters P 
and E, t h e  var ia t ion  of the  network current I, t h e  a-c voltage of the sh ie ld  
Es, and the  electron densi ty  ne a r e  a l so  shown. 

The curves ind ica te  by e i t h e r  increase i n  power f o r  the constant-voltage 
runs or decrease i n  voltage for  the  constant-power runs t h a t  power absorption 
i s  grea te r  a t  magnetic f i e l d s  equal t o  or s l i g h t l y  l e s s  than t h e  atomic and 
molecular hydrogen-ion resonant-field values indicated.  Peaks or va l leys  a r e  
also noted i n  the other parameters a t  or  near these power-absorption peaks. 
Further increase i n  power or c o i l  voltage results i n  a s l i g h t ,  but def in i te ,  
s h i f t  of t h e  maximum absorption toward l o w e r  f i e l d s .  

Probably t h e  most important curve i n  t h e  sense t h a t  it prompted the  pres- 
e n t  work i s  the  network-current var ia t ion  ( f i g .  5 ( c ) ) .  
represented simply as an inductance i n  ser ies  with a res i s tance  as i s  usual ly  
done, then, with constant voltage, the  current should remain constant. (Usu- 
a l l y  t h e  inductive reactance i s  s o  l a r g e  compared with the  resis tance,  even 
when plasma loading i s  present,  t h a t  the  reactance w i l l  be the fac tor  which 

If the  rf c o i l  could be 
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Figure 4. -Typical experimental data. Constant r f  power, 
1800 watts. 
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Figure 5. -Typical experimental data. Constant coil 
voltage, 4ooo volts. 



A . 
determines t h e  c u r r e n t  through t h e  c o i l ;  consequently, t h e  c u r r e n t  should be 
cons tan t  i f  t h e  r eac t ance  i s  cons t an t ) .  
c o i l  cannot be r ep resen ted  as a simple two-element network. This r e p o r t  con- 
s i d e r s  it i s  p o s s i b l e  t o  r ep resen t  t h e  rf c o i l  more c l o s e l y  as a four-element 
network. The exac t  network i s  undoubtedly more complicated than  t h i s .  

Since t h e  c u r r e n t  i s  no t  cons tan t ,  t h e  

S h i e l d  
conf igu ra t ion  

A comparison of t h e  power t ransfer  f o r  t h e  ungrounded-shield conf igu ra t ion  
and t h e  grounded-shield conf igura t ion  (ref. 1) i s  shown i n  t h e  fol lowing t a b l e :  

rf power, Peak c o i l  
W vo l tage ,  

v 

Ungrounded 

Grounded 

1800 3190 

7 30 5500 

It i s  apparent  t h a t  t h e  power t r a n s f e r  has been improved even without  
cons ider ing  t h e  d i f f e rence  i n  vol tage .  
conf igu ra t ion  would have been considerably l a r g e r  i f  t h e  c o i l  vo l tage  had 
been run  a t  5500 v o l t s .  
t h a t  d i f f e r e n t  plasma hea t ing  modes may be present ,  t h a t  e f f i c i e n c i e s  of power 
t r a n s f e r  are undoubtedly d i f f e r e n t ,  and t h a t  e l e c t r o n  d e n s i t i e s  f o r  t h e  config-  

The power f o r  t h e  ungrounded-shield 

However, cons idera t ion  must be g iven  t o  t h e  f a c t s  

u r a t i o n s  are  no t  i d e n t i c a l .  

Branch resistance I I I 1 

4- 160 

3?- 120 
u 

E _1 
CL 

2-g 80 
c m 
VI 

c m 
c c 

.E , .- 
VI 2 '-E 40 
- 
5 c U (a) r f  Power, 1800 watts. 

The q u a n t i t i e s  %, RL, and C 
were determined by using d a t a  such 
as t h e s e  i n  simultaneous equat ions.  
Ca lcu la t ions  were a l s o  made t o  show 
t h a t  t h e  approximations used were 
va l id .  For a t y p i c a l  po in t  
(.a@/R)2 = 760, while  ( u L / R ~ ) ~  = 
1550. 

F igure  6 shows t h e  e f f e c t  of 
magnetic f i e l d  on Rc and RL for 
t h e  two ope ra t ing  nodes. The oper- 
a t i n g  mode does not  have much e f -  
f e c t  on how t h e  r e s i s t a n c e s  vary. 
O r i g i n a l l y  it was thought t h a t  t h e  
peaks and/or v a l l e y s  for and 

RL would occur a t  d i f f e r e n t  mag- 

- c 
L 
m 5-: m 

3 4 4  160 

n n 
> I .2 w .- 
c 

U 

0 - 
3- 120 

2- 80 

I 

x 1 ~ 3  phenomena would be t h e  induct ion  or 
Axial magnetic field, G azimuthal hea t ing  of  t h e  ions;  t h e  

o t h e r  would p r imar i ly  be t h e  hea t -  
i ng  of e l e c t r o n s  as a r e s u l t  of t h e  

inductive branch resistance. capac i t i ve  coupling. The former 
hea t ing  mode which i s  of primary 

(b) Coil voltage, 4OOO volts. 

Figure 6. - Effect of axial magnetic field o n  capacitive and 

n e t i c  f i e l d s ,  i n d i c a t i n g  t h e  pres-  
ence of a t  l e a s t  two sepa ra t e  and 
d i s t i n c t  phenomena. One of t h e  
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i n t e r e s t  would manifest  i t s e l f  by a 
resonance occurr ing  e i t h e r  a t  t h e  atomic ' 
and molecular resonant  f i e lds  o r  a t  
s l i g h t l y  g r e a t e r  f i e l d s  i f  i o n  cyc lo t ron  
waves were be ing  generated.  Since t h e  
d e n s i t y  used h e r e i n  i s  r e l a t i v e l y  low, 
i o n  wave product ion i s  unimportant, and 
RL should reach  a peak a t  t h e  resonant-  
f i e l d  values .  Because of t h e  experimen- 
t a l  e r r o r ,  it i s  not  d e f i n i t e  t h a t  t h i s  
does happen, e s p e c i a l l y  a t  low magnetic 
f i e l d s  where d a t a  s c a t t e r  i s  g r e a t .  A t  
h igh  f i e l d s  t h e r e  appears  t o  be some 
sepa ra t ion  of t h e  peaks and RL peaks 
c lose  t o  t h e  molecular resonance. 

F igure  7 shows how capac i tance  C 
v a r i e s  w i th  magnetic f i e l d  f o r  bo th  
constant-power and cons tan t -vol tage  
runs.  Most of t h e  data l i e  between 25 
t o  30 micromicrofarads; however, t h e r e  
i s  a d e f i n i t e  i n d i c a t i o n  ( e s p e c i a l l y  f o r  
t h e  constant-power runs )  t h a t  C i s  not  
cons tan t .  If C had remained cons tan t ,  
t h e  assumption t h a t  C1 could be ne- 
g l e c t e d  would be j u s t i f i e d .  If C1 i s  
no t  neg l ig ib l e ,  a s l i g h t  v a r i a t i o n  of 
n e t  capaci tance,  such as t h a t  observed, 
would occur  i n  t h e  l o s s y  branch of t h e  
c i r c u i t ,  because t h e  s e r i e s  r e s u l t a n t  of 
a cons tan t  capac i tance  C1 i n  p a r a l l e l  
w i t h  a v a r i a b l e  r e s i s t a n c e  % i s  a 
variable capac i tance  i n  s e r i e s  w i t h  a 
variable r e s i s t a n c e .  A completely new 
c i r c u i t  a n a l y s i s  i s  needed t o  determine 
t h e  exac t  importance of Cl; however, 
i n i t i a l  e s t ima tes  show i n c l u s i o n  t o  have 
a minor e f f e c t  on r e l a t i v e  power d i s t r i -  
but ion,  which i s  of primary concern 
he re in .  

The d i s t r i b u t i o n  of rf power among 
R, Rp, and RC i s  shown i n  f i g u r e  8, 
and d i f f e r e n c e s  a r e  noted depending on 
whether constant-power data o r  cons tan t -  
vo l t age  data a r e  be ing  considered. I n  
t h e  constant-power d a t a  ( f i g .  8 ( a ) )  t h e  
induc t ion  power PL shows peak power 
t r a n s f e r  near  t h e  resonant  po in ts ,  whi le  

(b) Coil voltage, 4ooo volts. 

Figure 8. - Distribution of r f  power among power dissi- 
Dated in caoacitive branch of c i rcui t .  bv induction 
heating in'plasma, and in coil resistance. t h e  e l e c t r o s t a t i c  power PC shows de- 
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4 

creases a t  these points. 

t o t a l  rf power i s  constant. 

This i s  expected, since power absorption by the  ions 
, from induction leaves l e s s  power avai lable  for the  e l e c t r o s t a t i c  mode when the  

Resistance of 
capacitive 
branch, 
RC 

Power divides somewhat d i f fe ren t ly  f o r  the constant-voltage data ( f i g .  
8 ( b ) ) .  
but there  may be a s h i f t  toward lower f i e l d s  f o r  the e l e c t r o s t a t i c  mode. 

I n  t h i s  case, both the  induction and e l e c t r o s t a t i c  modes exhibi t  peaks, 

Capacitance 
between coil 
and shield, 

C 

Because of the e r r o r s  involved, as discussed subsequently, only two gen- 
e r a l  statements should be made on the power-distribution r e s u l t s :  Power d i -  
vides about equally between the induction and e l e c t r o s t a t i c  modes, and the 
eff ic iency of the t o t a l  power t r a n s f e r  from the c o i l  t o  the plasma 
[ ( P  - PR)/P]lOO This e f f ic iency  of 90 percent repre- 
sen ts  an  improvement over the 60-percent eff ic iency quoted i n  reference 1. 
Whether such improvement i s  important i s  questionable, however, since it i s  t h e  
r e s u l t  of e l e c t r o s t a t i c  heating t h a t  primarily heats  e lectrons r a t h e r  than 
ions. 

approaches 90 percent. 

It i s  somewhat informative t o  t r y  t o  correlate  the  dips  noted i n  the elec-  
t r o n  densi ty  ( f i g s .  4(d) and 5(d) ,  p. 1 2 )  with the power d i s t r i b u t i o n  ( f i g .  8 )  
a t  a f i e l d  of 7620 gauss, which i s  near the molecular resonance. 
data s c a t t e r  a t  the  atomic resonant point, a similar cor re la t ion  a t  t h a t  point 
i s  more ambiguous.) It can be seen t h a t  the decrease i n  e lectron density cor- 
r e l a t e s  qui te  wel l  with the increase of power i n  the induction mode when both 
t h e  constant-power and constant-voltage data a r e  considered. The density and 
induction-power t rends a re  similar f o r  the  two s e t s  of data. Hence, it can be 
concluded tha t ,  when power i s  absorbed by the ions from the  azimuthal f i e l d ,  
the  ion densi ty  i s  reduced. 

(Because of 

A calculat ion was made of the  e f f e c t  of measurement uncertaint ies  ( e s t i -  
mated) on t h e  values of %, RL, and C ( see t a b l e  I) .  These data  show t h a t  
e r r o r s  i n  calculated parameters can be considerably l a r g e r  than the  i n i t i a l  
measurement errors .  It i s  expected t h a t  greater  errors w i l l  be encountered i n  
more involved c i r c u i t  configurations, because the  exponents of the terms of t h e  
simultaneous equations w i l l  be la rger .  Because of the uncertaint ies  involved 
i n  t h i s  program, t rends should be given greater  importance than the  quantita- 
t ive r e  s u l t  s. 

TABLE I. - EFFECT OF MEASUREMENT UNCERTAINTIES ON CALCULATED PARAMEI'ERS 

parameter percent 

Power dissipated 
in network, P 

Coil voltage, E 
Network current, I 
Voltage (a-c) on 

Coil inductance, L 
shield, E, 

5.6 

2 .7  
6.3 
2.8 

4.0 

Variation in calculated parameter, percen 

Resistance 
of inductive 
branch, 
RL 

8.6 I I <1 
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Since t h e  shielded configuration used here i s  unusual, the r e l a t i o n  be- 
tween t h i s  work and t h a t  reported for  unshielded configurations should be d i s -  ' 
cussed. In some respects  the  two configurations a r e  similar. Both produce 
r a d i a l  e l e c t r i c  f i e l d s .  
however, t h e  length  of the region over which t h i s  f i e l d  e x i s t s  w i l l  be much 
shorter ,  because the  c o i l  i s  much shor te r  than the  shield.  Axial e l e c t r i c  
f i e l d s  a l so  e x i s t  i n  both configurations, the unshielded c o i l  having strong 
f i e l d s  near the c o i l  and the  shielded c o i l  having strong f i e l d s  off  the ends of 

, t h e  shield.  Experimentally, it has been observed t h a t  it i s  about equally easy 
t o  g e t  the power i n t o  the  plasma f o r  the  two configurations.  
shielded c o i l  has t h e  same anomaly t h a t  the  current  does not remain constant 
when c o i l  voltage i s  maintained constant. The unshielded c o i l  should, there-  
fore ,  a lso be invest igated i n  terms of equivalent c i r c u i t r y .  

These f i e l d s  a r e  stronger with the  unshielded co i l ;  

Also, t h e  un- 

SUMMARY AT!Ul CONCLUDING REMARKS 

A simple e l e c t r i c a l  model of an induction c o i l  heating a plasma i n  a mag- 
n e t i c  f i e l d  has been developed mainly from the  geometric character of the ap- 
paratus.  The model shows t h a t  the  plasma i n  e f f e c t  adds a "lossy" capacitor i n  
p a r a l l e l  with the  c o i l .  Considerable power i s  absorbed by t h i s  capacitor and 
may be responsible for  observed anomalies noted i n  some plasma experiments. 
The powers t ransfer red  i n  the  e l e c t r o s t a t i c  and induction modes have been de- 
termined and are  shown t o  vary with magnetic f i e l d .  A decrease i n  e lectron 
density (or ion densi ty)  near the  resonant points  appeared t o  be r e l a t e d  t o  the 
increase i n  power i n  the  induction mode. Power-transfer eff ic iency as high as 
90 percent was at ta ined.  Errors  i n  experimental measurements caused var ia t ions  
i n  the calculated parameters of up t o  about e ight  times the o r i g i n a l  errors .  

Further refinement of the  type of analysis  described herein may o f f e r  a 
means of describing the  conditions more l o g i c a l l y  t h a t  e x i s t  under t h e  c o i l .  
The analysis especial ly  needs t o  be broadened t o  include the  more commonly 
used unshielded r f  c o i l s .  

Lewis  Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, December 8, 1964. 
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